Time-Resolved Footprinting
The technique of nucleic acid footprinting at the heart of the approach used by Sclavi et al. (1) is an ensemble approach that typically utilizes the inhibition of nuclease cleavage to report changes in the solvent accessibility of the backbone of DNA or RNA due to conformational changes and͞or protein binding. Nuclease cleavage products are sorted by size and separated by electrophoresis; the term ''footprint'' reflects the decreased intensity of the electrophoretic bands representing nucleotides whose backbone is protected from cleavage (Fig. 2) . Footprinting that is carried out following defined protocols yields isotherms or progress curves in thermodynamic and kinetic studies, respectively (5) . Thus, quantitative footprinting provides biophysically valid measures identified to specific DNA sequences and͞or structures.
The hydroxyl radical ( • OH) is a valuable nucleic acid footprinting probe by virtue of its small size and promiscuous reactivity (6, 7) . Because • OH is of comparable size to water, its reactivity pattern closely reflects solvent accessibility. Reactivity patterns can be generated and analyzed with resolution as fine as a single nucleotide. Chemical and radiolytic methods have been used to generate • OH for static, equilibrium, and time-resolved nucleic acid footprinting (6, (8) (9) (10) (11) RNAP holoenzyme appears to bind to DNA in three different conformations that are in equilibrium. In these initial conformations, RNAP interacts primarily with the up region of this promoter (base pairs Ϫ60 to Ϫ30 relative to the start site of transcription). These intermediates subsequently isomerize to two additional conformations that contact the promoter DNA from Ϫ60 to ϩ1. It is the latter intermediates, which contact the promoter DNA over Ϸ60 base pairs, which ultimately isomerize to the open complex.
A 
Analysis and Technology
Sclavi et al. (1) are the first to explicitly test footprinting progress curves against formal kinetic models. The development of the structural-kinetic model shown in figure 5 of ref. 1 depends on the assignment of specific • OH reactivity changes to kinetic intermediates and subsequently with known structures. Globally testing possible models against the entire data set engenders confidence that the models are consistent with all available data. Two notable technological innovations to synchrotron footprinting are introduced (1). Protocols for using an automated sequencer to detect the • OH cleavage products using fluorescently tagged DNA were developed by balancing • OH-induced degradation of the detection fluorophore against the necessary cleavage of the target DNA. This protocol facilitates tedious sample processing and data reduction and allows the ready exploitation of singlenucleotide resolution. Development of a semiautomated rapid mixer allows efficient acquisition of multiple time points. Although multiplexing was accomplished at the expense of mixing dead time, the development of automated mixers will facilitate many types of kinetics experiments, including footprinting.
A View of the Future
Initiation is the first step in the synthesis of RNA. Transcription elongation and termination are obvious targets for timeresolved footprinting studies. Much of our understanding of these processes comes from the analysis of stalled or blocked complexes; it is important to remember that such complexes are off-pathway rather being true synthesis intermediates and that multiple synthesis pathways have been identified (22) . Time-resolved footprinting analysis of RNAP movement along the DNA will complement transient-state kinetic studies and single-molecule force measurements in determining the mechanism of transcription.
Conceptual and technological advances will facilitate time-resolved footprinting studies. Brighter x-ray beams will make larger complexes and shorter timescales accessible. Improved analytical and kinetic modeling approaches will allow more robust and detailed information to be extracted about the preferred reaction pathways, their intermediates, and the rates that connect them. Last, the development of synchrotron protein footprinting will allow protein-DNA interactions to be followed in real time from the point of view of both macromolecules (23) .
Sayan Gupta prepared the figures. Fig. 2 . A schematic outline of synchrotron x-ray • OH footprinting. X-ray radiolysis of water produces • OH that diffuses to a fragment of labeled duplex DNA to allow detection of a unique set of cleavage products. Cleavage by • OH is relatively uniform under single-hit conditions, yielding a series of bands representing molecules with n, n ϩ 1, n ϩ 2 . . . nucleotides that are sized by gel electrophoresis. Protein binding to specific DNA sequences protects the backbone of these nucleotides from • OH cleavage, resulting in decreased density of the electrophoretic bands corresponding to these nucleotides.
